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through dephosphorylating PPARY serine 112

Dahu Li' - Lijun Zhang' - Lun Xu! - Lili Liu® - Yunling He' - Yiyao Zhang"® -
Xin Huang!' - Tong Zhao! - Liying Wu! - Yongqi Zhao' - Kuiwu Wu' - Hui Li* -
Xiao Yu* - Taiyun Zhao’ - Shenghui Gong' - Ming Fan'* - Lingling Zhu'?

Received: 3 August 2016 / Revised: 7 December 2016 / Accepted: 29 December 2016 / Published online: 8 February 2017

© Springer International Publishing 2017

Abstract WIP1, as a critical phosphatase, plays many
important roles in various physiological and pathological
processes through dephosphorylating different substrate
proteins. However, the functions of WIP1 in adipogen-
esis and fat accumulation are not clear. Here, we report
that WIP1-deficient mice show impaired body weight
growth, dramatically decreased fat mass, and significantly
reduced triglyceride and leptin levels in circulation. This
dysregulation of adipose development caused by the dele-
tion of WIP1 occurs as early as adipogenesis. In contrast,
lentivirus-mediated WIP1 phosphatase overexpression sig-
nificantly increases the adipogenesis of pre-adipocytes via
an enzymatic activity-dependent mechanism. PPARYy is a
master gene of adipogenesis, and the phosphorylation of
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PPARYy at serine 112 strongly inhibits adipogenesis; how-
ever, very little is known about the negative regulation
of this phosphorylation. Here, we show that WIP1 phos-
phatase plays a pro-adipogenic role by interacting directly
with PPARY and dephosphorylating p-PPARy S112 in vitro
and in vivo.
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aP2 Adipocyte protein 2

C/EBP CCAAT/enhancer-binding protein

MRI Magnetic resonance imaging

PPAR  Peroxisome proliferator-activated receptor
WIP1  Wildtpye p53-induced phosphatase 1
Introduction

Obesity has become a threatening epidemic worldwide.
Excessive body adiposity often leads to metabolic syn-
drome, which is a leading cause of death worldwide and
is characterized by a series of symptoms, such as dyslipi-
demia, type 2 diabetes, and cardiovascular disease [1, 2].
Adipose tissue is at the center of metabolic syndrome
through its secretion of various adipokines that regulate
the circulating lipid levels, insulin sensitivity, appetite and
other metabolism processes, while the dysfunctions of adi-
pogenesis, abnormal adipose tissue development and home-
ostasis correlate closely with metabolism disorders [3].
Adipose development originates from adipogenesis, which
is controlled by an elaborate cellular signaling network
[4]. Exploring the key molecular signal that link adipogen-
esis to adipose development is of significant scientific and
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medical importance in understanding the array of metabo-
lism pathologies.

Transcription factor peroxisome proliferator-activated
receptor gamma (PPARY) is a nuclear hormone receptor
that is considered a master regulator of adipogenesis, adi-
pose development, and metabolism [4—6]. Previous studies
indicated that PPARY is sufficient to launch adipogenesis
[7] and is essential for adipogenesis since PPARY knock-
out mouse showed seriously impaired adipose develop-
ment [8]. Target genes of PPARY, such as aP2 (adipocyte
protein 2) and adipsin, are highly expressed in adipose tis-
sue and account for specialized adipocyte formation and
adipose homeostasis. PPARy activity is under precise and
tight regulation, in which posttranscriptional modifications
of the PPARY protein play an indispensable role, includ-
ing its phosphorylation, ubiquitylation, O-GlcNAcylation,
and SUMOylation, with the most well described of these
modifications being phosphorylation [9]. In recent years,
increasing evidence has revealed that phosphorylation
modifications at different sites on the PPARy protein are
vital for the regulation of its activity and can influence its
physiological functions, which include adipogenesis, lipid
metabolism, and insulin sensitivity [10-13]. However, the
only known site-specific phosphorylation that can alter
the adipogenic activity of PPARY is at serine 112, which
has been shown to inhibit adipogenesis strongly [12]. Fur-
ther, except for protein phosphatase 5 [14-16], very little is
known about the physiological and cellular intrinsic nega-
tive regulators of this phosphorylation.

WIP1 (wildtpye p53-induced phosphatase 1), also called
PPMID, is a serine/threonine phosphatase that belongs to
the type 2 C phosphatases family [17]. WIP1 is induced by
transcription factor p53 and NF-kB at the transcriptional
level, and it is stabilized by BRCA1 signaling and desta-
bilized by miR-16 in response to different types of DNA
damage [18]. Compared to the regulatory mechanism of
WIP1 itself, the understandings on the function of WIP1
are deeper and wider. In both humans and genetic engineer-
ing mouse models, WIP1 has been shown to play many
critical roles in tissue development and homeostasis, DNA
damage and repair, tumorigenesis, inflammation response,
and senescence, in which WIP1 has been proven to alter
cellular signal transduction through dephosphorylating sev-
eral key regulators, such as p53, p38, ATM, NF-xB, and
so on [19-25]. A recent study noted that WIP1 deficiency
results in resistance to high-fat diet-induced atherosclero-
sis and obesity, focusing primarily on the roles that WIP1
plays in converting macrophages into foam cells and aorta
plaque formation, but it considered little adipose biology
[26]. Because high-fat diet feeding is an external stimulus,
an adiposity analysis on subjects fed a chow diet provides a
better reflection of adipose tissue development and home-
ostasis under normal circumstances. However, whether

@ Springer

WIP1 is involved in adipose tissue development and the
generation of adipocytes on a chow diet remains unknown.
In this study, we found that even on a chow diet, WIP1-
deficient mice showed impaired body weight growth, dra-
matically decreased fat mass, and significantly reduced
circulating triglyceride and leptin levels. Subsequently, in
the analysis of adipogenesis, mouse embryonic fibroblasts
(MEFs) from WIPI1-deficient mice displayed seriously
decreased adipogenic capacities and reductions in critical
adipogenic molecular markers expressions, indicating that
the impaired adipose development caused by WIP1 deple-
tion occurs as early as adipogenesis. In contrast, lentivirus-
mediated WIP1 phosphatase overexpression significantly
increased the adipogenesis of pre-adipocyte via an enzy-
matic activity-dependent mechanism. We further veri-
fied that WIP1 plays this pro-adipogenic role by directly
interacting with the PPARYy protein and dephosphorylating
p-PPARy S112 in vitro and in vivo, whereas the PPARy
S112A mutation blocked the pro-adipogenic effect of
WIP1. Collectively, we identify WIP1 as a novel critical
regulator of adipogenesis and fat accumulation, and its pro-
adipogenic effect is highly dependent on PPARy S112.

Materials and methods

Mice maintenance and body weight growth curve
measurement

WIP1 knockout (KO) (129Sv-C57BL/6 background) mouse
strain was from Dr. Zhi-Cheng Xiao and was originally cre-
ated by Dr. L.A. Donehower, as described previously [27,
28]. In this study, we backcrossed WIP1 KO mice onto a
C57BL/6 background. Mice were maintained under a 14 h
light/10 h dark cycle at a constant temperature of 22°C
and fed a chow diet containing 5% fat (Institute of Jingfeng
Medical Laboratory Animal) and had free access to food
and water except under special conditions, where indicated.
From 5 to 25 weeks of age, the bodyweight of WT and KO
male mice was measured every 2 weeks. All animal experi-
mental procedures fully complied with the related labora-
tory animal regulations.

Nuclear magnetic resonance (MRI) analysis

For the precise quantitation of body fat mass and lean
mass, mice were measured by Echo MRI Combo-700 Body
Composition Analyzer (Echo Medical Systems). The body
composition images of mice were acquired using a 7 T MR
scanner (Agilent). Briefly, mice were imaged under 1%
isoflurane anesthesia using a T1-weighted pulse sequence
that rendered fat bright and nonfat tissues dark to facilitate
segmentation.
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Cell isolation and culture

For MEFs studies, WIP1 heterozygous mice were bred
to generate embryonic 13.5-14.5 days littermate WT and
KO embryos that were used to derive fibroblasts. In brief,
primary MEFs were isolated by removing the heads of
the embryos, scratching out the viscera with forceps, and
trypsinizing the bodies for 30 min after mincing. The
resulting slurry was seeded in culture dishes, and non-
adhesive cells were discarded within 3 h. The remaining
cells were deemed to be MEFs and were cultured to the
3rd passage for experiments. MEFs and the human embry-
onic kidney HEK 293T cell line were cultured in DMEM
medium containing 10% fetal bovine serum (FBS) (Gibco).
The pre-adipocyte cell line 3T3-L1 and fibroblast cell line
NIH 3T3 were cultured in DMEM medium containing 10%
newborn calf serum (NCS) (Gibco).

Cell transfection, RNAi, plasmid point mutation,
lentivirus infection, and stable cell line screening

For exogenous co-immunoprecipitation (Co-IP) and
dephosphorylation assays, mouse WIP1 and PPARy2
expression plasmids were transfected into HEK 293T cells
with TurboFect Reagent (Thermo) for 48 h, and the cell
samples were harvested for further analysis. WIP1 siRNA
and matched transfection regent (Ribo Bio) was applied
according to manufacturer’s instruction. For lentivirus-
mediated overexpression, Flag-tag mouse WIP1 and phos-
phatase-dead WIP1 point mutants (A95D, D307A) were
cloned into pCDH-copGFP-MSCV (CD523A-1) lentiviral
vectors (System Biosciences), and Flag-tag mouse PPARy2
and PPARY2 S112A were cloned into pCDH-puro-resist-
ant MSCV (CD522A-1) lentiviral vectors (System Bio-
sciences). The corresponding lentivirus outputs of these
expression plasmids were infected into 3T3-L1 cell with
polybrene (Sigma) assistance to obtain favorable effects.
The plasmids of WIP1 point mutants (A95D, D307A) and
PPARy2 S112A were generated with a Muta-direct™ kit
(SBS Genetech) according to the manufacture’s instruc-
tion. For screening stable cell line of expressing PPARY2
or PPARY2 S112A, the NIH 3T3 cell was infected with
the corresponding lentivirus outputs for 72 h, and then
the selective medium containing puromycin (Sigma) with
final concentration 5 pg/ml was added and replaced every
2 days. This procedure was continued for 20 days to obtain
ideal effects.

Adipogenic differentiation assays
After counting, the same numbers of cells from different

cohorts was suspended in adipogenesis induction medium
and complete medium and reseeded at the same density to

make the cells confluent when they adhered to cell culture
clusters. The adipogenesis induction medium consisted of
DMEM supplemented with 10% bovine serum (FBS for
MEFs, and NCS for 3T3-L1 cells), 10~® M dexametha-
sone (Sigma), 500 uM 3-isobutyl-1-methylxanthine(Sigma)
and 10 pg/ml insulin (Sigma). The complete medium was
DMEM medium containing 10% bovine serum (FBS for
MEFs, and NCS for 3T3-L1 cells) as described above. To
induce adipogenic differentiation, after 2 days of expo-
sure to the induction medium, the cells were cultured in
DMEM containing 10% bovine serum and 10 pg/ml insu-
lin, and this medium was renewed every 2 days until the
assays were performed. As for spontaneous adipogenic dif-
ferentiation, the complete medium was also renewed every
2 days. The adipogenic differentiation assay of stable NIH
3T3 cell line was conducted as previously described [7,
12]. Oil red-O staining was performed as described [29].
To quantify adipocytes, we performed adipogenesis assays
in 24-well cell culture clusters. After adipogenic induc-
tion, oil red-O staining of positive cells of every cohort was
counted in 3-5 random visual fields of three replicate wells
per cohort.

Real-time quantitative PCR (Q-PCR) analysis

Total RNA was extracted using the Trizol reagent (Sigma).
The subsequent reverse transcription reactions were per-
formed using a ReverTra Ace Kit (TOYOBO). Real-time
quantitative PCR was performed using an SYBR PCR Mas-
ter Mix Kit (CW Biotech) and 0.2 pM specific primers in a
volume of 15 pl. The data were acquired using an ABI step
one plus system (Life Technology). The primer sequences
are shown in the Supplemental Materials.

Luciferase reporter assay

The PPARYy luciferase reporter plasmid based on PPRE
sequence (Yeasen Biotech) and pRL-TK vector (Promega)
that was as an external control were transfected into WIP1
WT and KO MEFs with lipotamine 3000 (Life Technol-
ogy). After 72 h of transfection, the cells were lysed with
passive lysis buffer (Promega), and luciferase activity of
sample was measured with a dual luciferase assay system
(Promega) in accordance with the manufacturer’s protocol.
The final data for each sample were calculated by normal-
izing the PPARY reporter’s luciferase value to pRL-TK vec-
tor’s luciferase value.

Western blot and immunoprecipitation
MEFs, 3T3-L1 cells, HEK 293T, NIH 3T3 cells, and

tissue samples were harvested and lysed in ice-cold
TNE buffer (50 mM Tris HCI, pH 7.5; 150 mM NaCl;
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1 mM EDTA; and 1% NP-40) containing phosphatase
and protease inhibitor cocktails (Roche). Western blot
assays were performed using a routine protocol. C/EBPa
(D-5), PPARY (E8), aP2 [A-FABP (B-4)], adipsin (D-8),
B-actin (I-19), p-PPARy S112 (SC-28001) and Flag-HRP
[OCTA-probe (D-8)] antibodies were products of Santa
Cruz. The antibodies for WIP1 (D4F7), and Myc/Myc-
HRP were from Cell Signaling Technology and MBL,
respectively. GST and His antibodies were products of
CW Biotech. In the analysis of endogenous and exog-
enous proteins, interactions between WIP1 and PPARY,
1-2 pg of specific or tag antibody was added to the cell
lysate samples and incubated at 4 °C with rotation for
12-24 h. Then, protein A/G-agarose (Santa Cruz) was
added, and the samples were rotated for another 12 h to
complete the immunoprecipitation. The immunopre-
cipitate was washed with TNE buffer 3 times (10 min
for each washing). Subsequently, both total cell lysates
and immunoprecipitates samples were detected by west-
ern blot with WIP1 and PPARYy antibodies, or corre-
sponding tag antibodies.

a
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In vitro GST pull-down assay

His-WIP1 and a serial of GST tag mouse proteins (GST,
GST-C/EBPa, GST-C/EBP and GST-PPARYy2) were
expressed in Escherichia coli BL21 (DE3). These GST tag
proteins were immobilized on glutathione-Sepharose 4B
beads (CW Biotech) and washed to remove non-specific
binding proteins. The beads were then incubated with Ni-
nitrilotriacetate-agarose (GE Lifesciences) purified His-
WIP1 protein for 24 h at 4 °C. Subsequently, the beads were
washed with GST-binding buffer (100 mM NaCl, 50 mM
NaF, 2 mM EDTA, 1% NP40 and protease inhibitor cock-
tail) to remove non-specific binding. Target protein com-
plexes were eluted with reduced glutathione buffer, and
these protein samples were analyzed by western blot.

In vitro protein phosphatase assays

The synthetic phosphopeptide of mouse p-PPARy2 S112
was customized in SBS Genetech Corporation. The
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Fig. 1 WIP1-deficient mice show significantly decreased body
weight and adiposity. a Body weight growth curves of WIP1
WT and KO male mice on a chow diet. The data are shown as the
mean+SEM. b MRI measurements of body fat composition and
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¢ a typical MRI analysis images of WIP1 WT and KO mice at 24
weeks of age. d Representative comparative images of the main
white adipose pads from WIP1 WT and KO mice at 20 weeks of age.
***P <0.001
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Fig. 2 WIP1-deficient mice exhibit reduced adipocyte size,

decreased marker genes expression in adipose tissue and reduced cir-
culating triglyceride and leptin levels. a Representative H&E stain-
ing and b adipocyte size quantitation data of gonadal adipose sections
derived from WIP1 WT and KO mice (n=4). Scale bar 50 pm. ¢
Western blot and d Q-PCR analyses of several critical maker genes

sequence is listed as follows: KLQEYQSAIKVEPASP-
PYYSEKTQLYNRPH (amino acid: 97-127). The
underlined S represents the phosphorylated serine 112.
According to the method used in the previous report [30],
recombinant GST protein, GST-mouse WIP1, and GST-
phosphatase dead mouse WIP1 point mutants (A95D,
D307A) were purified from bacterial lysates (final
amount 0.05 pM), and then diluted in buffer (50 mM
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expression in WT and KO gonadal adipose. Q-PCR data were nor-
malized to p-actin mRNA expression (n=5). e Comparisons of glu-
cose, cholesterol, triglyceride, alanine transaminase (ALT), aspar-
tate aminotransferase (AST) and leptin levels in the serum of WIP1
WT and KO mice (n = 7). All quantitative data are presented as the
mean +SD. *P<0.05, **P<0.01, ***P <0.001

Tris—HCI [pH 7.5], 0.1 mM EGTA, and 0.02% 2-mer-
captoethanol). Subsequently, each purified recombinant
protein was incubated with BSA (1 mg/ml) and 30 mM
MgCl, containing 100 pM phosphopeptide for 20 min at
30°C. Then, these reaction samples was denatured, and
loaded onto 15% gradient SDS—polyacrylamide gel. Pro-
teins were transferred to PVDF membrane (0.2 pm) and
detected by GST and p-PPARy S112 antibodies.
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«Fig. 3 WIPI1 deficiency or knockdown severely impairs the adipo-
genic capacity. a Oil red-O staining and b quantitative data of adipo-
cytes derived from WIP1 WT and KO MEFs after exposure to normal
complete medium (Ctrl) or adipogenic induction medium (Induced)
for 6-8 days. The images and quantitative data are from a repre-
sentative experiment of five independent experiments. ¢ Q-PCR and
d western blot analyses of critical adipogenic marker genes expres-
sion in the WT and KO MEFs after treatment with complete medium
(Ctrl) or adipogenic induction medium (Induced) for 6-8 days. e Oil
red-O staining and quantitative data of adipocytes after WIP1 knock-
down in 3T3-L1 pre-adipocyte cells. The Q-PCR data are from five
independent experiments after normalization to f-actin mRNA
expression. Scale bar 50 pm. All quantitative data are presented as
the mean=+ SD. *P <0.05, **P <0.01 and ***P <0.001

Blood biochemistry tests and leptin analysis

Serum samples from overnight fasted 20-week-old male
mice were subjected to laboratory animal biochemi-
cal analyzer (Hitachi) to determine the concentrations of
blood glucose, total cholesterol, total triglyceride, alanine
transaminase (ALT), and aspartate transaminase (AST).
The leptin levels in serum were measured using the mouse
leptin ELISA kit (R&D) according to manufacturer’s
instructions.

Histological analysis of adipose tissue and quantitation
of adipocytes size

The mouse gonadal adipose tissues were isolated and fixed
in 4% paraformaldehyde in PBS and processed for paraf-
fin sections (5 pm) and stained by hematoxylin and eosin
(H&E). The images with scale bars collected from H&E
stained adipose sections were analyzed using the Image-
Pro Plus 6.0 software to measure and calculate the cross-
sectional area of the adipocytes.

Statistical analysis

The data were analyzed using Student’s 7 test, except where
otherwise indicated. The Q-PCR data of adipogenesis com-
parisons between WT and KO MEFs or the manipulated
stable cell lines cohorts were analyzed using a paired Stu-
dent’s ¢ test. Growth curves were analyzed using a two-way
ANOVA with Bonferroni’s post-test. P<0.05 was consid-
ered statistically significant.

Results

WIP1 loss leads to significant reductions in body weight
and adiposity

Although previous work noted that WIP1 deficiency leads
to obesity and arteriosclerosis resistance with high-fat diet

feeding due to the dysfunction of macrophage autophagy
[26], the function of WIP1 in adipose tissue and adipocytes
on a high-fat diet was not determined. Moreover, because
high-fat diet feeding is an external stimulus, an analysis of
adiposity on a chow diet is a better reflection of adipose
development and homeostasis under normal circumstances.
We traced the body weight changes of WIP1 wildtype
(WT) and knockout (KO) mice fed a chow diet. Strikingly,
we found that the body weight of WIP1 KO mice was sig-
nificantly decreased compared to their WT counterparts
from 5 weeks of age and that this difference lasted until the
end of our observation period, at 25 weeks of age (Fig. 1a).
To determine the contribution of the adipose tissue to this
significant difference in body weight, we employed mag-
netic resonance imaging (MRI) to analyze the body com-
position of WIP1 WT and KO mice. MRI analysis showed
that the critical adiposity indexes of WIP1 KO mice (fat
mass/lean mass and fat mass/body weight) decreased
approximately three- to fourfold compared to WT mice
(Fig. 1b). The MRI images also showed a notable reduction
of adipose mass in WIP KO mice (Fig. 1c). In addition, we
compared the sizes of the five main murine adipose pads of
WIP1 WT and KO mice. The results demonstrated that all
of these adipose pads showed dramatic decreases in size in
the WIP1 KO mice (Fig. 1d).

WIP1-deficient mice show decreased adipocyte size,
reduced critical marker genes expression in adipose
and reduced circulating triglyceride and leptin

Based on the above observations, we further analyzed
adipose tissue sections of WIP1 WT and KO mice after
H&E staining. The images showed that WIP1 deficiency
led to smaller adipocytes compared to WT mice (Fig. 2a),
a difference that was statistically significant according to
the Image-Pro Plus software measurement and calcula-
tion (Fig. 2b). Because an unusual cell morphology often
results from dysregulated molecular events, we compared
the expression of several critical marker genes between
WT and KO adipose tissues. It is well known that the
transcription factors C/EBPa (CCAAT/enhancer-binding
protein alpha) and PPARy are master genes of adipogen-
esis and are critical for adipose homeostasis [4, 31]. Target
genes of PPARY, such as aP2 and adipsin, are also known
to be expressed predominantly in adipose and are impor-
tant for specialized adipocyte formation and the mainte-
nance of adipose tissue function. Our results revealed that
the expression levels for these critical proteins decreased
in WIP1 KO samples compared to WT samples (Fig. 2c).
Further, through real-time quantitative PCR (Q-PCR)
assays, we found that these expression differences between
WT and KO adipose samples occurred at the transcription
level (Fig. 2d). It is known that metabolic disorders are
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often associated with abnormal adipose development. We
thus also tested the impacts of WIP1 loss on the circulat-
ing levels of glucose, total cholesterol, total triglyceride,
alanine transaminase (ALT), and aspartate transaminase
(AST). The serum triglyceride levels of KO mice were sig-
nificantly lower than those of WT mice, whereas the other
parameters were comparable between WT and KO mice
(Fig. 2e), which suggested that WIP1 was most likely to
affect lipid metabolism. In addition, adipose secretes a vari-
ety of adipokines to regulate metabolism and other physio-
logical processes. Among these adipokines, the circulating
leptin levels were deemed to be a direct reflection of adi-
pose mass, despite their function in regulating metabolism
[32]. Our results show that the leptin levels in the serum
of KO mice were severely decreased and were almost two
times lower than those of their WT counterparts (Fig. 2e).
Collectively, these analyses of adipose and blood chem-
istry were consistent with the above findings that WIP1
deficiency led to significant reduced adiposity and a lean
phenotype.

WIP1 deficiency or knockdown results in serious
defective adipogenic capacity

It is well known that adipose tissue development corre-
lates closely with early stage adipogenesis and that dys-
functional adipogenic capacity precursor cells lead to adi-
pose tissue abnormalities [4, 31]. Because WIP1 KO mice
show serious reductions of adipose mass, body adiposity,
and the expression of critical marker genes in adipose, we
investigated whether these alterations had any association
with early abnormalities in adipogenesis. Primary mouse
embryonic fibroblasts (MEFs) and the pre-adipocyte cell
line 3T3-L1 are commonly used precursor cell models for
adipogenesis research, with the MEFs model reflecting
earlier adipogenic capacity [4, 31]. These precursor cells
usually display very low spontaneous adipogenic differen-
tiation efficiency in normal complete medium, thus giving
rise to very few mature adipocytes, but they show highly
efficient adipogenic differentiation upon exposure to induc-
tion medium. We isolated WIP1 WT and KO MEFs to
compare the alterations in adipogenic capacity caused by
WIP1 loss. Our results indicated that, for both spontane-
ous (Fig. 3a, Ctrl) and induced adipogenic differentiation
(Fig. 3a, Induced), WIP1 KO MEFs showed significantly
less differentiation to mature adipocytes (oil red-O stain-
ing positive cells; Fig. 3b). Further, we used Q-PCR assays
to measure the mRNA levels of adipogenic marker genes,
such as the adipogenic ‘master genes’ C/EBPa and PPARY,
and those genes accounting for specialized adipocytes for-
mation, such as aP2 and adipsin. The results revealed that
in spontaneous adipogenic differentiation, these genes
were expressed at a very low level both in WT and KO
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MEFs (Fig. 3c, Ctrl). After induction, the expression of
these mRNAs was upregulated (Fig. 3c, Induced). How-
ever, compared to induced WT MEFs, the mRNA levels of
these marker genes in induced KO MEFs were significantly
lower: C/EBPa declined approximately threefold, PPARY
declined approximately fourfold, aP2 declined approxi-
mately fourfold, and adipsin declined approximately ten-
fold (Fig. 3c, Induced). Correspondingly, the protein lev-
els of these adipogenic markers in induced KO MEFs also
showed expression patterns similar to their mRNA levels
(Fig. 3d, Induced). In addition, in the pre-adipocyte cell
line 3T3-L1 model, we observed a similar suppression of
adipogenesis when WIP1 was knocked down (Fig. 3e).

WIP1 overexpression promotes adipogenesis
in a phosphatase activity-dependent way

We further explored whether WIP1 overexpression could
alter the adipogenic capacity and whether WIP1 could reg-
ulate adipogenesis, depending on its phosphatase activity.
The lentivirus-mediated expressions of WIP1, and phos-
phatase-dead WIP1 point mutants (A95D, D307A) were
introduced into the pre-adipocyte cell line 3T3-L1 along
with a null vector control, and their effects on adipogenesis
were assessed. The spontaneous adipogenic differentiation
in normal complete medium was not different in the forma-
tion of mature adipocytes (Fig. 4a, b, Ctrl) or in the protein/
mRNA expression of adipogenic marker genes (Fig. 4c,
d, Ctrl) among the WIP1, mutant WIP1, and null control
cohorts. However, after the induction of adipogenesis, the
WIP1 overexpression cohort displayed significantly more
mature adipocytes (Fig. 4a, b, Induced) and elevated pro-
tein and mRNA levels of adipogenic marker genes com-
pared to the null vector cohort (Fig. 4c, d, Induced). It is
worth noting that after induction, the mutant WIP1 cohort
did not demonstrate enhanced adipogenic capacity, as the
WIP1 cohort did, in either adipocyte formation or adipo-
genic marker genes expression (Fig. 4a—d, Induced). These
results strongly suggest that WIP1 promotes adipogenesis
via a phosphatase activity-dependent mechanism.

WIP1 interacts with PPARY directly

Considering the above results, we hypothesized that
WIP1 regulates adipogenesis through the dephospho-
rylation of a critical substrate protein, which plays an
important role in adipogenesis. The crucial adipogenic
transcription factors, C/EBPa and PPARy are deemed
‘master genes’ in adipogenesis [4, 31]. In addition,
another member of C/EBPs family, C/EBPf, is also a
relatively important adipogenic transcription factor [4,
31]. Thus, by using GST-pulldown assays, we screened
for a possible WIP1 interacting protein among these
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Fig. 4 WIP1 overexpression promotes adipogenesis via a phos-
phatase activity-dependent mechanism. a Oil red-O staining and b
quantitative data of adipocytes derived from 3T3-L1 pre-adipocyte
cells infected with lentiviruses expressing Flag-WIP1 and Flag-WIP1
dead enzyme mutant (Flag-MT WIP1) or null vector control, respec-
tively, treated with complete medium (Ctrl) or adipogenic induction
medium (Induced) after 8 days. The images and quantitation data are

critical adipogenic transcription factors. Strikingly, we
found that recombinant His-WIP1 interacted specifi-
cally with GST-PPARY but not with C/EBPa or C/EBPf
(Fig. 5a). This result suggested that there is a direct
interaction between WIP1 and PPARY recombinant pro-
teins in vitro. Further, we found that the protein interac-
tion between WIP1 and PPARY could be readily detected
when they were ectopically expressed in eukaryotic cells
(Fig. 5b). Further, the endogenous protein interaction
between WIP1 and PPARy was observed in adipogenic
differentiated MEFs, which indicates that WIP1 can
physiologically interact with PPARY (Fig. 5c).

from a representative result of four independent experiments. Scale
bar 50 pm. ¢ Q-PCR and d western blot analyses of critical adipo-
genic marker genes expression in the Flag-WIP1, Flag-MT WIPI and
vector control cohorts after the same treatments mentioned above.
The PCR data are from four representative independent experiments
after normalization to f-actin mRNA expression. All quantitative data
are presented as the mean+ SD. *P <0.05 and **P <0.01

WIP1 dephosphorylates p-PPARYy S112, and this
dephosphorylation is crucial for the pro-adipogenic
effect of WIP1

Based on the above observations, we speculated that the
PPARY protein may be a substrate of phosphatase WIP1
in the adipogenesis process and that WIP1 dephosphoryl-
ates the PPARY protein to alter the adipogenic activities of
PPARYy. Of the known phosphorylation sites in the PPARy
protein, p-PPARy S112 is the only one known to be a site
that inhibits adipogenesis [9, 12]. We hypothesized that
WIP1 dephosphorylates p-PPARy S112 to promote adi-
pogenic activities of PPARy. When WIP1 is deficient, the
hyper-phosphorylation of PPARy S112 occurs, which leads
to reduced adipogenic activities of PPARY, subsequent
defective adipogenesis, and eventual reduced fat mass.
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Fig. 5 WIPI interacts with PPARy. a GST pull-down assays were
performed to analyze the interactions between WIP1 and C/EBPa,
C/EBPP, or PPARy proteins. b Exogenous Co-IP assays were
employed to detect interactions between ectopically expressed WIP1
and PPARY proteins in HEK 293T cells. On the left is Myc antibody

To verify this hypothesis, we first examined the effect of
recombinant WIP1 protein on a synthetic phosphopeptide
of PPARy S112 in vitro. Recombinant wildtype WIP1, but
not phosphatase-dead mutant WIP1, can dephosphorylate
PPARy S112 (Fig. 6a). In addition, a markedly decreased
level of ectopically expressed p-PPARy S112 was observed
in HEK 293T cells in the presence of WIP1 (Fig. 6b). Simi-
larly, the p-PPARy S112 level was significantly reduced
in 3T3-L1 cells stably expressing WIP1 compared to the
control vector and phosphatase-dead mutant WIP1 coun-
terparts after adipogenic induction (Fig. 6¢). Moreover,
in the knockout mouse model, the level of p-PPARy S112
in WIP1 KO adipose tissue was higher than that observed
in WT (Fig. 6d). Because p-PPARy S112 seriously inhib-
its the adipogenic transcriptional activity of PPARy [12]
and WIPI can dephosphorylate p-PPARy S112, we fur-
ther evaluated the impact of WIP1 loss on the transcrip-
tional activity of PPARy by using a luciferase reporter,
with its expression controlled by a PPRE response ele-
ment, a consensus sequence of PPAR-y regulated gene. The
results revealed that for WIP1 KO MEFs, the transcrip-
tion activity of PPARy was significantly decreased in adi-
pogenesis (Fig. 6e). In addition, we investigated whether
the pro-adipogenic function of WIPI relies on p-PPARy
S112. According to previous reports, NIH-3T3 cells have
no PPARY expression or adipogenic capacity, but ectopic
PPARY expression can restore the adipogenic capacity [7,
12]. Thus, this method has been commonly used to verify
PPARYy-related regulation. We introduced the lentivirus-
mediated plasmid expressing PPARy and PPARy S112A
mutant into NIH-3T3 cells. Subsequently, WIP1 protein
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immunoprecipitation, and on the right is Flag antibody immunopre-
cipitation. Lys lysate, /P immunoprecipitation or immunoprecipitate.
¢ Endogenous Co-IP assay analysis of the physiological interaction of
WIP1 and PPARY in adipogenic differentiated MEFs

was introduced into these PPARy- and PPARy S112A-
expressing NIH-3T3 cells, and its impact on adipogenesis
was assessed. These experiments showed that WIP1 signifi-
cantly enhanced adipogenesis in the presence of PPARY,
but has no significant effect when PPARy S112 can no
longer be phosphorylated (S112A) (Fig. 6f).

These findings suggest that PPARy protein is a physi-
ological substrate of the WIP1 phosphatase and that WIP1-
regulated adipogenesis is highly dependent on the dephos-
phorylation of p-PPARYS112.

Discussion

According to a previous study, WIP1 knockout mice were
smaller [27], but their adipose tissue and body composi-
tion has not previously been studied. A recent study found
that WIP1 deficiency resulted in atherosclerosis and obe-
sity resistance in subjects given a high-fat diet; this study
focused primarily on WIP1’s roles in the conversion of
macrophage to foam cells and aorta plaque formation,
but provided little information on adipose biology [26].
Because high-fat diet feeding is an external stimulus, an
analysis of adiposity on a chow diet better reflects adipose
development and homeostasis under normal circumstances.
Our results, which were obtained using a chow diet,
revealed that WIP1 deletion result in seriously impairs bod-
yweight growth and reduces the adipose mass and adiposity
indexes. These findings collectively suggested that WIP1
deficiency leads to a lean phenotype, not just a small phe-
notype, as previously reported. Further, in the commonly
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Fig. 6 WIP1 dephosphorylates p-PPARy S112, and this dephospho-
rylation is crucial for the pro-adipogenic effect of WIP1. a In vitro
dephosphorylation assay of GST-WIP1 and GST-WIP1 dead enzyme
mutant (GST-MT WIPI1) on a synthetic phosphopeptide of PPARy
S112. Western blot analyses of the impact of WIP1 on the phospho-
rylation of exogenously expressed p-PPARy S112 in HEK 293T cells
(b) and adipogenic differentiated 3T3-L1 cells (c). d The p-PPARy

used adipogenesis model, primary cultured MEFs, we
found that WIP1 null MEFs displayed significant defects
in adipogenic differentiation, which suggests that abnormal
adipose development in WIP1 KO mice occurred as early
as adipogenesis. In addition, according to a previous study,
WIP1-deficient MEFs have a decreased proliferation rate
and appear to be compromised when entering mitosis [27],
with this being the first indication that WIP1 plays a role in
cell proliferation. However, the mechanism by which WIP1
functions in cell differentiation is unknown. Our study is

PPARy PPARy (S112A)

S112 levels in WIP1 WT and KO adipose tissues. e Luciferase
reporter assay of transcription activity of PPARy in WIP1 KO MEFs
by measuring PPRE luciferase values. f Oil red-O staining, quanti-
tative data of adipocytes, and western blot analysis of the impact of
WIP1 on adipogenesis in the presence of PPARy or PPARy S112A in
NIH 3T3 cells. Scale bar 50 pm. All quantitative data are presented
as the mean+ SD. *P <0.05 and **P <0.01

the first to prove that WIP1 plays a critical role in adipo-
genic differentiation and is the first to verify that cell type
differentiation is regulated by WIP1.

Concerning WIP1 overexpression leading to increased
adipogenesis, we found that WIP1 executed this function
via a phosphatase activity-dependent mechanism. In sub-
sequent assays, PPARy was confirmed to be a protein that
interacted with WIP1, and p-PPARY S112 could be dephos-
phorylated by WIP1 both in vitro and in vivo. The phos-
phorylation of PPARY at serine 112 previously has proven
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to strongly suppress adipogenesis, and a serine-to-alanine
mutation at this site (SI112A) blocked the phosphorylation
and significantly promoted adipogenesis in vitro [12]. Mice
carrying the PPARy S112A mutation displayed increased
adipogenesis in MEFs and improved insulin sensitivity in
the setting of high-fat diet-induced obesity, but exhibited
normal adiposity on a chow diet [13]. Our results indicate
that the p-PPARYy S112 level in the WIP1 KO mice samples
was higher than that in WT samples, indicating that WIP1
deletion results in the hyperactivation of p-PPARy S112.
Because the PPARy S112A mutation blocked this phospho-
rylation, we considered that the hyperactive p-PPARy S112
level accounted for the more seriously reduced adipogen-
esis and adiposity in WIP1 KO mice on a chow diet. Other
researchers have also found that WIP1 KO mice displayed
impaired insulin sensitivity when subjected to insulin tol-
erance tests on a chow diet [33]. Moreover, in the present
study, we prove that WIP1 plays the pro-adipogenic role
relies on its phosphatase activity and PPARy S112 in 3T3-
L1 and NIH 3T3 cell models. Collectively, our findings of
WIP1-associated phenotypes and regulatory mechanisms
on adipogenesis and adipose development are consistent
with previous studies and provide additional understanding
on the mechanisms of action of WIP1. We also observed
that WIP1 expression increases during adipogenesis (Sup-
plemental Figure S1). Moreover, in the adipose tissue of
obese ob/ob mouse model, we found upregulated WIPI
expression (Supplemental Figure S2). These results provide
interesting clues for future investigations into the medical
relevance of WIP1 expression and obesity.

Recently, the phosphorylation of other sites in PPARy
protein, such as serine 273, was shown to specifically regu-
late insulin sensitivity, but had no effect on adipogenesis
[10, 11]. Moreover, some chemical compounds targeting
this phosphorylation revealed promising clinical applica-
tion prospect [10, 11]. Whether WIP1 phosphatase has any
effect on these novel phosphorylation sites in PPARy pro-
tein and plays important roles in other aspects of glucose
and lipid metabolism or adipose physiology may be inter-
esting questions to explore in the future.
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